Microfilament and Ca 2+ dynamics play important roles in stress signaling in plants. Through genetic screening of Arabidopsis thaliana mutants that are defective in stress-induced increases in cytosolic Ca 2+ ([Ca 2+ ] cyt ), we identified Actin-Related Protein2 (Arp2) as a regulator of [Ca 2+ ] cyt in response to salt stress. Plants lacking Arp2 or other proteins in the Arp2/3 complex exhibited enhanced salt-induced increases in [Ca 2+ ] cyt , decreased mitochondria movement, and hypersensitivity to salt. In addition, mitochondria aggregated, the mitochondrial permeability transition pore opened, and mitochondrial membrane potential Wm was impaired in the arp2 mutant, and these changes were associated with salt-induced cell death. When opening of the enhanced mitochondrial permeability transition pore was blocked or increases in [Ca 2+ ] cyt were prevented, the salt-sensitive phenotype of the arp2 mutant was partially rescued. These results indicate that the Arp2/3 complex regulates mitochondrial-dependent Ca 2+ signaling in response to salt stress.
INTRODUCTION
Ca 2+ is a universal second messenger, regulating cellular responses to environmental changes in plants. Many abiotic stresses, including soil salinity (salt stress), drought, cold, oxidative stress, and wounding cause transient increases in cytosolic-free Ca 2+ levels ([Ca 2+ ] cyt ) (Knight et al., 1991; Knight et al., 1996 Knight et al., , 1997 Frohnmeyer et al., 1999; Rentel and Knight, 2004) . The increase in [Ca 2+ ] cyt is due to the release of the ion from internal and external (apoplastic) Ca 2+ stores and often varies in pattern (e.g., oscillations or spikes). Precise regulation of proteins that transport Ca 2+ (channels, pumps, and carriers) and proteins that bind to Ca 2+ (binding proteins and sensors) leads to regulation of cellular Ca 2+ ion homeostasis (Berridge et al., 2003) . Changes in the duration, amplitude, and frequency of [Ca 2+ ] cyt underlie its specificity in signaling.
An important strategy for plant adaptation to growth in saline environments involves regulation of cellular sodium ion homeostasis to reduce the buildup of toxic levels of sodium in the plant. This Ca 2+ -dependent process was first demonstrated in Arabidopsis thaliana by the isolation of mutants with increased salt sensitivity (salt overly sensitive [sos]) relative to wild-type plants . Cloning of the genes altered in these mutants and characterization of their protein products led to the identification of the SOS pathway. SOS pathway components include SOS3, a Ca 2+ binding protein Liu et al., 2000) that responds to increases in [Ca 2+ ] cyt and activates SOS2, a Ser/Thr protein kinase . Activated SOS2 regulates the activity of the SOS1 Na + /H + exchanger in the plasma membrane to transport sodium out of the cell Shi et al., 2000; Guo et al., 2001; Qiu et al., 2002 Qiu et al., , 2003 .
One output of the SOS pathway is regulation of actin microfilament (MF) dynamics and stability (Wang et al., 2010; Zhou et al., 2010; Liu and Guo, 2011; Ye et al., 2013) . MFs in both the sos2 and sos3 mutants have abnormal dynamics and depolymerize faster than in the wild type (Wang et al., 2010; Ye et al., 2013) . More recently, MF dynamics modulated by the Actin-Related Protein2 Arp2/3 complex were reported to regulate stomatal movement, and a change in calcium signaling was hypothesized to play a key role in this response . The Arp2/3 complex contains seven components (Arp2, Arp3, and Arpc1-5) and is evolutionarily conserved in yeast, plants, and animals (Deeks and Hussey, 2005; Yanagisawa et al., 2013) . This actin nucleator complex is required for cell motility and membrane trafficking (Goley and Welch, 2006) . In Arabidopsis, mutations in Arp2/3 complex components lead to disordered MF bundles that result in defective epidermal cell expansion in trichomes, root hairs, hypocotyls, and leaves (Mathur, 2005; Szymanski, 2005) . The Arp2/3 complex is also involved in the regulation of light-induced root elongation (Dyachok et al., 2008 (Dyachok et al., , 2011 .
Mitochondria play key roles in the maintenance of Ca 2+ ion homeostasis (Vandecasteele et al., 2001) , and studies have shown that MF dynamics are important for the arrangement, distribution, and function of mitochondria (Vandecasteele et al., 2001) . Mitochondria move along MFs and function as Ca 2+ stores in plant cells (Vandecasteele et al., 2001; Wang et al., 2004a) , and stress induces mitochondrial-mediated cell death processes in plants (Yao et al., 2004; Lin et al., 2005; Gao et al., 2008) . It has been shown that actin is present in mung bean (Vigna radiata) mitochondria (Lo et al., 2011) and that two glycolytic enzymes in Arabidopsis interact with mitochondrial VOLTAGE-DEPENDENT ANION CHANNEL3 and bind to F-actin (Wojtera-Kwiczor et al., 2012) , suggesting that mitochondria directly associate with F-actin.
The mitochondrion acts as a sensor of death signals and an initiator of the biochemical processes that lead to the controlled destruction of the cell (Green and Kroemer, 2004) . When cells enter programmed cell death, the mitochondrial permeability transition pore (mPTP) opens and mitochondrial membrane potential Cm (MTP) decreases. In animals and plants, an irreversible opening of the mPTP at high conductance usually takes place before mitochondrial-mediated cell death and serves to release cell death factors, including cytochrome c (Yang et al., 1997; Balk et al., 1999) .
Although mitochondrial-mediated Ca 2+ signaling has been identified in plants, the molecular mechanisms underlying this process have not been identified, and little is known about how a specific Ca 2+ signature is generated. Based on a forward-genetic screen, we demonstrate that the Arp2/3 complex is involved in a salt-induced, mitochondrial-dependent increase in [Ca 2+ ] cyt that is critical for plant salt tolerance.
RESULTS
The 1648 Mutant Has Enhanced Salt Stress-Induced [Ca 2+ ] cyt and Decreased Salt Tolerance
To identify components that regulate [Ca 2+ ] cyt in response to salt stress, the AEQUORIN reporter gene (Knight et al., 1991) , driven by the cauliflower mosaic virus 35S promoter, was transformed to Arabidopsis ecotype Columbia-0 (Col-0). This constitutively expressing 35S:AEQUORIN line was used as the wild type in this study, and a T-DNA insertional mutant pool was constructed based on this wild type (Zhao et al., 2001 (Zhao et al., , 2011 Zheng et al., 2012) . We screened for mutants with altered [Ca 2+ ] cyt when plants were treated with NaCl. For screening, 7-d-old seedlings were left untreated or treated with 200 mM NaCl, and luminescence was measured immediately with a cold charge-coupled device (CCD) imaging system. Several mutants were isolated; one of these, 1648, displayed an enhanced increase in [Ca 2+ ] cyt ( Figure 1A ). The value for [Ca 2+ ] cyt in the mutant before treatment was similar to the wild type and was in an undetectable level. However, the salt-stimulated increase was dramatically higher with peak values as high as 1 6 0.15 mM compared with 0.5 6 0.1 mM in the wild type ( Figure 1B) .
To determine if this enhanced [Ca 2+ ] cyt affected the response of the mutant to salt, 5-d-old 1648 and wild-type seedlings grown on Murashige and Skoog (MS) medium were transferred to MS without or supplemented with 100, 150, or 200 mM NaCl for phenotypic analysis. Without salt, the length of branch roots in the mutant was slightly longer than in the wild type, and on low levels of salt (100 mM), the mutant showed a slight increase in sensitivity ( Figures 1C and 1D ). When plants were transferred to medium containing 150 or 200 mM NaCl, the leaves of the mutant were bleached by the fourth day of treatment (Figure 1C) , and the percentage of mutant seedlings that survived was significantly lower than in the wild type during salt stress ( Figure  1D ). To determine if salt caused differential damage to cellular integrity, electrolyte leakage was measured in the wild type and mutant after treatment with 150 mM NaCl. The results indicate that the plasma membrane in root cells of the mutant was more severely damaged than in the wild type ( Figure 1E ). The hypersensitivity to salt seen in the mutant represented an ionic and not an osmotic effect as the mutant was specifically sensitive to Na + ( Figure 1C Using simple sequence length polymorphism markers, we mapped the 1648 locus to chromosome III between MQP17 and MYF5 (Bacterial Artificial Chromosome clones of The Arabidopsis Information Resource) within ;73 kb. We then sequenced all of the coding sequences (CDSs) in this region. A 4-bp deletion and a single nucleotide substitution (C to T) in exon 6 were identified in At3g27000 (encoding Arp2). This mutation was located 721 bp downstream of the Arp2 translation initiation codon and introduced a frame shift and a premature stop codon in the Arp2 CDS ( Figure  2 ). Thus, we renamed this mutant arp2-2.
The Arp2/3 complex is the primary nucleation factor of new actin filaments in most organisms. Previous studies have shown that a mutation in Arp2 (arp2-1) resulted in abnormal trichome formation in Arabidopsis (Mathur et al., 1999) . As expected, the distorted trichome defect was also observed in arp2-2 (the trichome stalk was disordered and branch lengths were reduced; Figure 3A ), and hypersensitivity to salt was also observed in the original arp2-1 mutant ( Figures 3C and 3D ). To provide additional support that the phenotypes in arp2-2 are due to the disruption of Arp2, we complemented the arp2-2 mutant phenotype with the Arp2 cDNA expressed under the control of the native Arp2 promoter (including a 1.5-kb fragment upstream of the start of translation). Eight independent transgenic lines complemented the trichome defect phenotype of the arp2-2 mutant in T3 homozygous plants; one of them, complementation line8 (com8), is shown in Figure 3 . We then analyzed the 2 of 16
The Plant Cell Ca 2+ response of com8 treated with salt and found that the Ca 2+ signal in com8 was reduced to the same level as in the wild type ( Figure 3B ). Because the Arabidopsis Arp2/3 complex contains seven members, we tested the responses of arpc5 and arpc2a, containing mutations in two additional complex members, and found that they also showed the arp2-like salt-sensitive phenotype ( Figure 3C ; see Supplemental Figure 2 online). When we crossed the 35S:AEQUORIN transgene into arp2-1, arpc2, and arpc5, all mutants displayed enhanced [Ca 2+ ] cyt when stimulated with salt (see Supplemental Figures 3A and 3B online) . These data indicate that the Arp2/3 complex functions during salt stress and Ca 2+ signaling in Arabidopsis.
Because the Arp2/3 complex plays important roles in MF organization (Machesky and Gould, 1999) , we monitored MFs before and after salt treatment in arp2-2 and the wild type. For these studies, we transformed Pro35S:fABD2-GFP (for expression of the second actin binding domain of Arabidopsis FIM-BRIN1 fused to green fluorescent protein) (Wang et al., 2004b) into the wild type and arp2-2. The actin cytoskeleton was visualized directly in both cotyledon pavement cells and hypocotyl cells. Before salt treatment, no obvious difference in actin organization in cotyledon pavement cells was detected in arp2-2 when compared with actin organization in the wild type. However, MF density was lower in arp2-2 than in wild-type seedlings before and after salt treatment ( Figures 4A and 4D ), suggesting (C) Salt sensitivity of wild-type and 1648 seedlings. Five-day-old wild-type and 1648 seedlings were transferred from solid MS medium to solid MS medium without or with 100, 150, or 200 mM NaCl. Photographs were taken 4 d after transfer. (D) Seedling survival for wild-type and 1648 seedlings treated with salt. Five-day-old wild-type and 1648 seedlings were transferred from solid MS medium to solid MS medium without or with 100, 150, or 200 mM NaCl. Survival (green cotyledons and rosette leaves) was measured 4 d after transfer. Data represent means 6 SD; n > 30. Asterisks indicate a significant difference (*P < 0.05 and **P < 0.01; Student's t test) between the mutant and the wild type for the same treatment. (E) Ion leakage in wild-type and 1648 seedlings. Seven-day-old seedlings grown on solid MS plates were transferred to solid MS media containing 150 mM NaCl. After 24 h, seedlings were removed from plates, washed with deionized water, and placed in tubes containing 5 mL of deionized water. The tubes were shaken overnight, and the conductivity of the solution was measured using a conductivity meter. Tubes containing the seedlings were then autoclaved and, after the tubes cooled to room temperature, conductivities of the solutions were remeasured. The percentage of electrolyte leakage was calculated as a ratio of the conductivity before and after autoclaving. Data represent means 6 SD; n = 3 for each treatment.
[See online article for color version of this figure. ] 
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The Plant Cell that the Arp2/3 complex plays an important role in promoting actin assembly in cotyledon pavement cells. After treatment with 200 mM NaCl, actin filaments became depolymerized in arp2-2 cotyledon pavement cells compared with control cells ( Figures  4A and 4B ). By contrast, most actin filaments remained intact in wild-type cotyledon pavement cells within the time window of NaCl treatment ( Figures 4A and 4B ), though actin filaments became more sparse during the later stages of the treatment ( Figure 4A ). To quantify the actin architecture in cotyledon pavement cells, two parameters, skewness (a measure of the degree of asymmetry of a distribution) and density (Higaki et al., 2010) , were measured to evaluate the extent of actin filament bundling and the percentage of occupancy of actin filaments. Skewness increased significantly in arp2-2 cotyledon pavement cells compared with skewness in wild-type cotyledon pavement cells 16 h after NaCl treatment ( Figure 4C ), suggesting that the extent of actin filament bundling increased after NaCl treatment in arp2-2 cells. Additionally, a sustained decline of actin filament density in arp2-2 cotyledon pavement cells was detected after treatment with 200 mM NaCl ( Figure 4B ). By contrast, no obvious reduction of actin filament density was detected in wild-type cotyledon pavement cells ( Figure 4B ), suggesting that Arp2/3-mediated actin assembly is required to balance NaCl-induced actin depolymerization. In hypocotyls, arp2-2 cells had heavy actin filament bundles with much lower density than in the wild type ( Figures 4E, 4G , and 4H), consistent with previous observations in trichomes (Le et al., 2003) . The MFs in hypocotyl cells of the mutant were more sensitive to salt than MFs in the wild type, similar to what was seen in pavement cells, and the percentage of cells with depolymerized actin filaments increased with prolonged salt treatment ( Figure 4F ). Taken together, these data suggest that Arp2/3 complex-mediated actin assembly is involved in balancing salt-induced actin disassembly and maintaining the level of actin filaments during salt stress. To confirm that the enhanced salt-induced [Ca 2+ ] cyt increase is due to the reduction of MFs, arp2-2 and wild-type seedlings were pretreated with 1 µM Latrunculin B (Lat B; which binds monomeric actin and inhibits actin assembly). If MFs are important for regulating [Ca 2+ ] cyt , the reduction of MFs in the wild type would be expected to result in an increase in [Ca 2+ ] cyt . Results showed that the salt-induced [Ca 2+ ] cyt increase was higher in the wild type treated with Lat B than in control conditions, consistent with previous observations (Wang et al., 2004a) . However, in arp2-2, Lat B treatment did not significantly affect the increase of [Ca 2+ ] cyt induced by 200 mM NaCl (see Supplemental Figure 4 online). These results indicate that depolymerization of MFs triggers changes in [Ca 2+ ] cyt and the Arp2/3 complex inhibits the increase of [Ca 2+ ] cyt under salt stress.
Arp2 Is Required for Mitochondrial Distribution
Because the Arp2/3 complex plays a role in MF-regulated maintenance of Ca 2+ ion homeostasis and mitochondrial arrangement, distribution, and function require MF dynamics (Vandecasteele et al., 2001) , we determined if the distribution of mitochondria is altered in the arp2-2 mutant. For these experiments, we visualized mitochondria using MitoTracker Red (C) Salt sensitivity of the wild type and com8. Five-day-old seedlings of the wild type, com8, arp2-1, arp2-2, and arpc5 were transferred from solid MS media to solid MS media with 200 mM NaCl. Photographs were taken 4 d after transfer and show one representative image of three independent replications. (D) Seedling survival for com8 treated with salt. Five-day-old wild-type, com8, arp2-1, arp2-2, and arpc5 seedlings were transferred from solid MS medium to solid MS medium without or with 100, 150, or 200 mM NaCl. Survival (green cotyledons and rosette leaves) was measured 4 d after transfer. Data represent means 6 SD; n > 30. Asterisks indicate a significant difference (*P < 0.05 and **P < 0.01; Student's t test) between the mutant and the wild type for the same treatment.
Actin-Related Protein2 Regulates Calcium Signaling (A) MF organization of cotyledon pavement cells of the wild type (WT) and arp2-2. Seven-day-old seedlings of transgenic wild type or arp2-2 harboring Pro35S:fABD2-GFP were treated with liquid MS media without or with 200 mM NaCl for the indicated times and seedlings were visualized with a confocal microscope. At least 10 independent leaves were analyzed in three experiments with similar results. Bar = 20 mm for all fluorescence images.
CMXRos (a mitochondrial-specific fluorescent dye) in fABD2-GFP transgenic plants and found that the mitochondrial distribution pattern was abnormal in arp2-2. Mitochondria tended to aggregate around thick MF bundles ( Figure 5A ). Zheng et al. (2009) reported that disruption of MFs by Latrunculin A-altered mitochondrial movement. Therefore, it is possible that the aggregation of mitochondria is due to impaired mitochondrial movement. To test this, we determined mitochondrial movement during salt treatments using spinning disk microscopy. Mitochondria associated with actin filaments in both the wild type and arp2-2 ( Figure 5B ), suggesting that the association of this organelle with MFs does not rely on the Arp2/3 complex. We determined the velocity of mitochondrial movement and found that, in the wild type before NaCl treatment, mitochondria moved in the cortical cytoplasm at velocities ranging from 16 to 0.1 mm/s ( Figure 5C ) with an average velocity of 7.1 mm/s. In arp2-2, mitochondria moved in the cortical cytoplasm at velocities ranging from 12 to 0.1 mm/s ( Figure 5C ) with an average velocity of 3.0 mm/s. The average velocity in the mutant was substantially lower compared with that of the wild type, suggesting that the movement of mitochondria was impaired in arp2-2. After treatment with 150 mM NaCl, a decrease in mitochondrial movement was observed in both the wild type and arp2-2 and became more significant with prolonged treatment. The percentage of mitochondria with velocities ranging from 0 to 2.0 mm/s (the slowest movement) increased more in arp2-2 than in the wild type at different time points during NaCl treatment ( Figure 5C ). These data suggest that Arp2/3 complex-mediated actin dynamics are required for mitochondria movement and that the aggregation phenotype of mitochondria in arp2-2 is very likely due to impaired mitochondria movement. Because it has been shown that the Arp2/3 complex is associated with multiple organelle surfaces (Kotchoni et al., 2009; Zhang et al., 2013) , we determined whether the Arp2/3 complex directly associates with mitochondria. To do this, we generated ProArp2:Arp2-MYC transgenic plants in the arp2-2 mutant background and found that normal trichome development was restored ( Figure 3A) , indicating that the construct is functional and can be used to determine the intracellular localization of Arp2. We next determined the localization of Arp2 (immune fluorescence probed with anti-MYC antibody) and mitochondria (costained with MitoTracker Red CMXRos) and found that Arp2 could likely colocalize with mitochondria (see Supplemental Figure 5 online). This implies that the Arp2/3 complex may promote actin assembly around mitochondria to contribute to mitochondrial movement.
Arp2 Regulates Mitochondrial Activity during Salt Stress
Mitochondrial activity is often associated with cell death. To determine if cell death is altered in mutants of the Arp2/3 complex after salt treatment, vital staining was performed. Fiveday-old seedlings of the wild type, arp2-2, and arpc5 were left untreated or treated with 150 mM NaCl for 24 h and then stained with trypan blue. Without salt treatment, no staining was detected in the cotyledon cells of the wild type, arp2-2, or arpc5 ( Figure 6A ). After salt treatment, there was little staining in wildtype cotyledon cells, while significant numbers of arp2-2 and arpc5 cells were stained, suggesting that the salt sensitivity of the mutants is related, at least in part, to cell death ( Figure 6B ).
To determine if the mutation in Arp2 affected mitochondrial activity, opening of the mPTP was determined in wild-type and arp2-2 protoplasts during salt stress. mPTP opening was monitored using calcein/Co 2+ imaging (Petronilli et al., 1999; Petronilli et al., 2001; Wang et al., 2010) , and MitoTracker Red CMXRos was used to confirm that calcein was localized to the mitochondria (see Supplemental Figure 6A online). Protoplasts of the wild type and arp2-2 were left untreated or treated with 150 mM NaCl for 10, 120, or 240 min. More than 100 protoplasts were counted for each sample, and the opening of the mPTP was indicated by a depletion of calcein fluorescence in the mitochondria. The results show that more cells with opened (B) Percentage of wild-type and arp2-2 mutant cells with polymerized MF organization. Seven-day-old seedlings of transgenic wild-type and arp2-2 plants expressing Pro35S:fABD2-GFP were treated with liquid MS media without or with 200 mM NaCl for the indicated times. With extended NaCl treatment, MFs in arp2-2 became more unstable than in the wild type. Values represent means 6 SE; n > 50. *P < 0.05 and **P < 0.01 by Student's t test. (C) The extent of filament bundling (skewness) of pavement cells. Skewness in arp2-2 was higher than in the wild type after 200 mM NaCl treatment for 16 h. Values represent mean 6 SE; n = 35. *P < 0.05 by Student's t test. (D) Average filament density of wild-type and arp2-2 pavement cells. The filament density in arp2-2 was less than in the wild type, and the actin filaments depolymerized after 200 mM NaCl treatment for 24 h or longer. Values represent mean 6 SE; n > 60. *P < 0.05 and **P < 0.01 by Student's t test.
(E) MF organization of hypocotyl cells of the wild type and arp2-2. Seven-day-old seedlings of transgenic wild type or arp2-2 expressing Pro35S:fABD2-GFP were treated with liquid MS media without or with 200 mM NaCl for the indicated times, and seedlings were visualized with a confocal microscope. At least 20 independent hypocotyls were analyzed in three experiments with similar results. Bar = 5 mm for all fluorescence images. (F) Percentage of wild-type and arp2-2 mutant hypocotyl cells with polymerized MF organization. Seven-day-old seedlings of transgenic plants expressing Pro35S:fABD2-GFP in the wild type and arp2-2 mutant were treated with liquid MS media without or with 200 mM NaCl for the indicated times. When treatment time reached 3 h, MFs in arp2-2 became more unstable than in the wild type. Values represent mean 6 SE; n > 80. **P < 0.01 by Student's t test.
(G) The extent of filament bundling (skewness) of hypocotyl cells. Values represent mean 6 SE; n > 80. *P < 0.05 by Student's t test. (H) Average filament density of wild-type and arp2-2 hypocotyl cells. The filament density in arp2-2 was less than in the wild type, and the actin filaments depolymerized after 200 mM NaCl treatment for 24 h or longer. Values represent mean 6 SE; n > 80. *P < 0.05 by Student's t test.
[See online article for color version of this figure. ] mPTPs were found in arp2-2 than in the wild type even before salt stress, although the difference was not significant. After short (10 min) or long (4 h) exposures to salt, the percentage of cells with normal (closed) mPTP activity was dramatically decreased in arp2-2 compared with in the wild type, being ;90 and 50% in the wild type, respectively, but only 55 and 10% in arp2-2 ( Figure 6C ). To demonstrate that the calcein was localized to the mitochondria, we determined if calcein emission was decreased by the addition of tetramethyl rhodamine methyl ester (TMRM). TMRM is a cell-permeant, cationic, red-orange fluorescent dye that is readily sequestered by active mitochondria (Schwarzlander et al., 2012) . As expected, addition of TMRM decreased the calcein fluorescence. The cells were then treated with carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), which is a chemical uncoupler of electron transport and oxidative phosphorylation. The addition of FCCP decreased the TMRM fluorescence and restored the calcein emission (see Supplemental Figure 7 online). Consistent with previous reports (Petronilli et al., 1999 (Petronilli et al., , 2001 Wang et al., 2010 ), our results demonstrate that calcein emission can be restored by FCCP uncoupling agents that cause TMRM release from mitochondria.
It has been reported that the opening of the mPTP is associated with changes in MTP (Wang et al., 2010) . When we measured MTP using TMRM, wild-type cells showed a time-dependent decrease in TMRM accumulation after salt treatment. Consistent with measurements of increased mPTP opening in arp2-2, MTP was reduced more in the mutant compared with the wild type at all time points during salt treatment (see Supplemental Figure 6 online; Figure 6D ).
To discriminate between the opening of the mPTP channel and a specific mitochondrial channel allowing influx of cations оr efflux of anions, we examined the effect of NaCl treatment on matrix pH. A mitochondrial-localized, GFP-based, pH-sensitive biosensor (Orij et al., 2009) was placed under the control of the 35S promoter, and the resulting plasmid was transformed into wild-type and arp2-2 protoplasts. The mito-pH-GFP colocalized with Mito Tracker (see Supplemental Figure 8A online), and the mitochondrial pH change was determined by a change of intensity of mito-pH-GFP (F/F 0 , excitation 488 nm/excitation 405 nm) (see Supplemental Figure 8B online). Before NaCl treatment, the mitochondrial matrix pH in the arp2-2 mutant was lower than in the wild type; after NaCl treatment, the pH decreased in both the wild type and arp2-2 and was still lower in arp2-2 than in the wild type. Our results suggest that both the nonspecific channel (mPTP) and specific channel (calcium channel) are affected by the arp2 mutation. (A) Mitochondrial organization in roots of the wild type (WT) and arp2-2. Seven-day-old seedlings of transgenic wild type and arp2-2 expressing Pro35S: fABD2-GFP were stained with MitoTracker and visualized via confocal microscopy. MF organization (top panels), mitochondrial organization (center panels), and overlay (bottom panels). White arrows point to aggregated mitochondria in the arp2-2 mutant. At least six independent roots were analyzed in three experiments with similar results. Bar = 10 mm for all fluorescence images. (B) Mitochondrial movement in hypocotyl cells of the wild type and arp2-2. Mitochondria were stained with MitoTracker (examples marked with arrowheads), and photographs were taken of hypocotyl cells from transgenic wild type and arp2-2 expressing Pro35S:fABD2-GFP. Bar = 5 mm for all fluorescence images. (C) Mitochondrial velocity of the wild type and arp2-2. Mitochondria were labeled with mitochondria-targeted cpYFP and were visualized with spinning-disc confocal microscopy. Seven-day-old seedlings of transgenic plants were treated without or with 150 mM NaCl for the indicated times. n > 700.
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The Plant Cell (A) Vital staining of cotyledons of the wild type (WT), arp2-2, and arpc5 grown in the absence of salt. Five-day-old seedlings were stained with trypan blue. At least six independent leaves were analyzed in two experiments with similar results. Insets show enlarged views of the boxed regions.
(B) Vital staining of cotyledons of the wild type, arp2-2, and arpc5 grown in the presence of salt. Five-day-old seedlings were treated with 150 mM NaCl for 24 h and then stained with trypan blue. At least six independent leaves were analyzed in two experiments with similar results. Insets show enlarged views of the boxed regions.
(C) Percentage of wild-type and arp2-2 mutant cells with strong calcein fluorescence before and after salt treatment. The fluorescence of calcein indicates the mPTP opening status. Protoplasts were isolated from leaves of 18-d-old wild type and arp2-2 and were left untreated or treated withCytochrome c induces apoptosis in animals, and there is growing evidence that it has a similar function during plant cell death (Balk et al., 1999; Yao et al., 2004; Lin et al., 2005) . Because the release of cytochrome c to the cytoplasm from the mitochondrion is a direct result of mPTP opening, we determined if there was a difference in cytochrome c release in arp2-2 relative to the wild type as another measure of altered mPTP function in the mutant. An immunoblot assay was performed, and cytochrome c was detected in the mitochondrion before salt treatment in both the wild type and arp2-2 ( Figure  6E) . A strong cytochrome c protein signal was detected in the cytoplasm of the arp2-2 mutant with little protein detected in the mitochondrial fraction after 24 or 40 h of treatment with 150 mM NaCl. In the wild type, all cytochrome c was detected in the mitochondrion after 24 h of salt treatment, and after extended treatment (40 h), much of the cytochrome c signal remained in the mitochondrion ( Figure 6E ). These data demonstrate that the release of cytochrome c in arp2-2 cells is much faster than in the wild type during salt stress.
The Enhanced [Ca 2+ ] cyt and Salt Sensitivity of arp2-2 Is Associated with mPTP Opening
It has been reported that pretreatment of cells with cyclosporine A (CsA), an inhibitor of mPTP opening, slowed the decrease in MTP and reduced programmed cell death in tobacco (Nicotiana tabacum) protoplasts (Lin et al., 2005) . To determine if the salt sensitivity of arp2-2 is a mitochondrial-dependent process, wildtype and arp2-2 protoplasts were pretreated with 5 mM CsA for 10 min and then treated with 150 mM NaCl for 4 h. Consistent with the previous results ( Figure 6C ), NaCl treatment significantly induced mPTP opening, which was more pronounced in arp2-2. Opening of mPTPs in arp2-2 was significantly reduced in CsA-pretreated samples ( Figures 7A and 7B ). When 7-d-old seedlings were transferred to medium containing 200 mM NaCl with or without 50 µM CsA and grown for 5 d, the percentage of arp2-2 seedlings that survived increased significantly on medium with CsA. These results demonstrate that blocking the mPTP leads to rescue of the arp2-2 salt-sensitive phenotype and suggest that Arp2 functions in a mitochondrial-dependent process required for salt tolerance in plants ( Figures 7C and 7D) . Blocking mPTP opening also partially inhibited the salt-induced increase in [Ca 2+ ] cyt in arp2-2, as shown by the reduction in saltinduced [Ca 2+ ] cyt -dependent luminescence of arp2-2 seedlings when plants were pretreated with 2 mM CsA ( Figure 7E ). Consistent with this result, when wild-type and arp2-2 seedlings were pretreated with 1 or 5 mM CsA for 0.5 h, the salt-induced increase in [Ca 2+ ] cyt in arp2-2 dropped to nearly the same level as that in the wild type ( Figure 7F ). These data are consistent with previous studies that demonstrate that the mPTP is involved in Ca 2+ homeostasis in plant cells (Lin et al., 2005) and demonstrate that the salt-induced increase in [Ca 2+ ] cyt in arp2-2 results partly from mitochondrial Ca 2+ stores.
When arp2-2 plants were pretreated with La 3+ , a nonselective Ca 2+ channel blocker, for 10 min and transferred to MS with 200 mM NaCl, seedling salt sensitivity was partially rescued, though less so than seedlings treated with CsA (see Supplemental Figure 9 online), suggesting that an increase in [Ca 2+ ] cyt contributes to the salt-sensitive phenotype of the arp2 mutant.
DISCUSSION
In addition to studies of the well-characterized Ca 2+ signalactivated SOS pathway (Zhu, 2003; Quan et al., 2007) , the importance of Ca 2+ signaling in the response of the plant to salt stress has been demonstrated in numerous studies focused on calcium-dependent protein kinases (Mehlmer et al., 2010) , calcium sensors (Magnan et al., 2008; Huh et al., 2010) , and calcium transporters (Cheng et al., 2004; Anil et al., 2008; Zhao et al., 2009) . Changes in [Ca 2+ ] cyt are perceived and transduced by these proteins to signal downstream responses. However, it has been unclear whether external Ca 2+ stores (the apoplast) or internal stores (such as the endoplasmic reticulum, Golgi bodies, the vacuole, or mitochondria) are responsible for the [Ca 2+ ] cyt changes and how these stores are regulated during salt stress (Feng et al., 2013 ). Our results demonstrate that the salt-induced increase in [Ca 2+ ] cyt in arp2-2 results partly from mitochondrial Ca 2+ stores.
In plant cells, many extracellular stimuli trigger rapid changes in cytoskeletal organization, and these changes may serve as signals to regulate cellular responses, including programmed cell death (Wasteneys and Yang, 2004; Hussey et al., 2006; Smertenko and Franklin-Tong, 2011) . Previous studies have shown that, in response to salt stress, the SOS pathway (Wang et al., 2007; Ye et al., 2013) and a pathway involving SOS3-like Calcium Binding Protein1, SOS2-like Protein Kinase5, and the plasma membrane H + -ATPase (Fuglsang et al., 2007) involve regulation of MF organization (Liu and Guo, 2011) . However, it has not been clear where in the pathway, relative to each other, changes in Ca 2+ and cytoskeletal dynamics act. Many actin binding proteins, including villin and gelsolin, are regulated by Ca 2+ signals to modulate MF organization and dynamics (Fu, 2010) . Recently Wang et al. (2010) Protoplasts were isolated from 18-d-old wild-type and arp2-2 leaves and were left untreated or treated with 150 mM NaCl for 2 or 4 h. Protoplasts were then treated with 10 µM CsA, and calcein staining was monitored. Number of cells analyzed per treatment was > 100, and error bars represent means 6 SD. Asterisks indicate a significant difference (*P < 0.05 and **P < 0.01; Student's t test) for arp2-2 with and without 10 mM CsA.
(C) Seedling salt sensitivity with and without CsA. Five-day-old wild-type and arp2-2 seedlings grown on solid MS medium were transferred to solid MS medium containing 200 mM NaCl or 200 mM NaCl with 50 mM CsA. Photographs were taken 4 d after treatment.
(D) Seedling survival for the wild type and arp2-2 treated with salt with CsA. Five-day-old wild-type and arp2-2 seedlings were transferred from solid MS medium to solid MS medium without or with 100, 150, or 200 mM NaCl without or with 50 mM CsA. Survival (green cotyledons and rosette leaves) was measured 4 d after transfer. Data represent means 6 SD; n > 30. Asterisks indicate a significant difference (*P < 0.05 and **P < 0.01; Student's t test) for arp2-2 with or without the addition of CsA.
(E) Pseudocolor luminescence image of Ca 2+ -dependent photons emitted by aequorin in salt-treated (200 mM NaCl) wild-type and arp2-2 plants without (left panel) or with 1 µM CsA (right panel). The mean luminescence value of wild-type and arp2-2 single seedlings over a 180-s integration period is shown in the graphs to the right of the image. Data represent means 6 SD; n = 60. Asterisks indicate a significant difference (**P < 0.01; Student's t test) between arp2-2 and the wild type for the 200 mM NaCl treatment. Figure 4 online). These results suggest that the regulation of [Ca 2+ ] cyt change by MFs takes place at least partly through the Arp2/3 complex. Our results demonstrate that the Arp2/3 complex is also involved in the regulation of plant growth during salt stress by modulating MF dynamics and mPTP opening. The pore regulates [Ca 2+ ] cyt signaling as part of a pathway required to maintain growth in salt. If, as in the arp2-2 mutant, the pore is misregulated, [Ca 2+ ] cyt increases to levels that signal cell death and result in seedling salt sensitivity. Our data show that tight regulation of [Ca 2+ ] cyt from mitochondrial stores is critical for achieving specificity in Ca 2+ signaling in plants.
Recently, actin proteins and actin filaments were found in mitochondria in mung bean (Lo et al., 2011) , implying that MFs may play an important role in regulating the function in this organelle. In budding yeast (Saccharomyces cerevisiae), the Arp2/3 complex drives actin-based mitochondrial movement (Boldogh et al., 2001 ); Jsn1p, a Pumilo family protein, recruits the Arp2/3 complex to mitochondria (Fehrenbacher et al., 2005) ; and mutations in Arp2/3 complex subunits result in defects in mitochondrial morphology and movement (Fehrenbacher et al., 2004) . We found that At-Arp2 possibly colocalized with mitochondria (see Supplemental Figure 5 online), suggesting that the Arp2/3 complex may be directly involved in regulating the function of mitochondria. For instance, the Arp2/3 complex may play a role in regulating the integrity of mitochondria and consequently regulate calcium release from this organelle, similar to what has been shown in budding yeast (Fehrenbacher et al., 2004 (Fehrenbacher et al., , 2005 . While mitochondria still move along MFs in arp2-2 (Figure 5B ), the velocity of motility was decreased substantially ( Figure 5C ). This suggests that Arp2/3 complex-mediated actin dynamics participate in regulating mitochondria movement but are not required for the association of mitochondria with MFs. Future studies will determine the molecular mechanism underlying Arp2/3 complex modulation of mitochondriadependent [Ca 2+ ] cyt increases during salt stress and will identify the associated downstream signaling events.
METHODS

Plant Materials
Arabidopsis thaliana Col-0 constitutively expressing apoaequorin (Knight et al., 1991) was used as the wild type. Plants were grown under the intensity of 4000 lux illumination. Based on a high-throughput screening method, an enhanced [Ca 2+ ] cyt response mutant was isolated from a T-DNA insertion pool (pSKI015) in the wild-type background (Pan et al., 2012) . Mutants of Arp2, Arpc2a, and Arpc5 were kind gifts from Jie Le (Institute of Botany, Chinese Academic Sciences, Beijing, China).
Cytosolic Ca 2+ Measurements
For Ca 2+ imaging, seedlings were grown on solid MS medium with 3% Suc. Before luminescence measurements, plates of 10-d-old seedlings were sprayed with coelenterazine solution (final concentration 10 mM, 1% [v/v] ethanol, and 0.1% Triton X-100) for reconstitution. Reconstitution was allowed to proceed for a minimum of 5 h at 21°C in the dark (Knight et al., 1991) . The plates were placed in the chamber of a CCD camera (Roper Scientific) after being sprayed with 200 mM NaCl or 200 mM mannitol. Photon emissions were immediately collected for 3 min. Any remaining aequorin was discharged by the addition of 1 mL of CaCl 2 solution (final concentration 1 M, 10% ethanol), and luminescence was collected for a further 5 min for controls. For quantitative measurements, Ca 2+ concentration was monitored with a luminometer (GLOMAX; Promega). After aequorin reconstitution, single seedlings were pretreated as indicated and then placed in a 1.5-mL tube in the luminometer measurement chamber. Following a 60-s count for resting luminescence, 100 mL of salt solution was added automatically. Stimulated luminescence counts were recorded at 1-s intervals for 90 s. Any remaining aequorin was discharged by the addition of 200 mL of CaCl 2 solution (final concentration 1 M, 10% ethanol), and the counts recorded for a further 5 min until values were within 1% of the highest discharge value. The luminescence counts obtained were calibrated by applying the equation below, which takes into account the double logarithmic relationship between the concentration of free Ca 2+ present in cells and the remaining aequorin discharged at any point in time (Rentel and Knight, 2004) ; pCa = 0.332588 (2log k) + 5.5593, where k = luminescence counts s 21 /total luminescence counts remaining. This calibration equation was determined empirically and works on the assumption that all aequorin is discharged from all cells and all emitted light is detected.
Salt Sensitivity Assay
Seeds of mutants and the wild type were sterilized in a solution containing 20% sodium hypochlorite and 0.1% Triton X-100 for 10 min, washed five times with sterilized water, and sown on solid MS medium with 0.6% Phytagel (Sigma-Aldrich). The plates were placed at 4°C for 2 d, and then the seeds were germinated vertically at 23°C, 4000 lux under continuous illumination. Four-day-old seedlings were transferred to solid MS medium with salt and other additives as described. For relative fresh weight calculations, the mean weight of 20 individual seedlings grown under control conditions was set to 100%. Relative fresh weight was calculated as the ratio of the mean weight during treatment as a function of mean weight in control conditions. To calculate the percentage of seedlings surviving, at least 50 seedlings were scored and totally bleached seedlings scored as dead.
For ion leakage assays, 7-d-old seedlings grown on solid MS plates were transferred to solid MS media containing salt as described with three replicates for each treatment. After 24 h, seedlings were carefully removed from plates, washed with deionized water, and placed in tubes containing 5 mL of deionized water. The tubes were shaken overnight, and the conductivity of the solution was measured. The tubes containing the seedlings were then autoclaved, and after the tubes cooled to room temperature, conductivities of the solutions were measured again. The percentage of electrolyte leakage was calculated as the percentage of the conductivity before versus after autoclaving.
Map-Based Cloning and Complementation
To identify the gene mutated in line 1648, the mutant was crossed with Landsberg erecta wild-type plants and the F2 progeny were screened for salt tolerance. Lines with phenotypes in the F2 generation were used for further mapping of the mutated gene using specific primers for simple sequence length polymorphism markers. Mapping primers were designed using information from The Arabidopsis Information Resource database. For arp2-2 mutant complementation, the 1170-bp Arp2 CDS (amplified from cDNA of Arabidopsis Col-0 seedlings with primers 59-CGTCTAGAATGGA-CAACAAAAACGTC-39 and 59-CGGTCGACTTAAGCTTGGCTCATTTT-39) was 12 of 16
The Plant Cell cloned into the XbaI and SalI sites of the pCAMBIA 1300 vector. A 1502-bp genomic DNA fragment upstream of the translation start site of Arp2 was amplified from DNA of Arabidopsis Col-0 seedlings with primers 59-CGGGTACCCTGAATGAGTTAAAGACTTTC-39 and 59-CGTCTAGACT-TCTCCGATTTCTATAG -39. This fragment was cloned into the KpnI and XBaI sites of the pCAMBIA 1300 vector containing the Arp2 CDS and Myc sequence. The resulting plasmid, 1300-ARP2CP, was introduced into Agrobacterium tumefaciens strain GV3101 by electroporation and transformed into arp2-2 mutants using the floral dip method (Clough and Bent, 1998) .
MF Organization
Transgenic plants harboring Pro35S:fABD2-GFP (Wang et al., 2008) in the wild type and the arp2-2 background were used to visualize MF dynamics. For observation of MF changes in leaves or roots during salt stress, 7-dold seedlings were transferred to solid MS medium containing 200 mM NaCl for the indicated times. Treated or untreated seedlings were observed under a spinning disk confocal microscope equipped with a 360 objective (numerical aperture of 1.2), and the Z-series images were acquired with the step size set at 0.5 mm. The samples were excited at 488 nm and emission was detected using a 505-to 530-nm band-pass filter.
The density of actin filaments was quantified by ImageJ (http://rsbweb. nih.gov/ij/index.html; version 1.46a) as described by Higaki et al. (2010) with slight modification. First, the Z-series images were processed with the subtract background tool (rolling ball radius is 50 pixels). Individual cells were then segmented manually and actin filaments at the cell border were eliminated. The resulting images were processed by Gamma (value 1.2) and Gaussian blurring (value 0.5). Finally, images were skeletonized by the ThinLine plug-in in Image J and projected. A constant threshold was set to all images to make them binarily. Skewness and density were measured to quantify the extent of F-actin bundling and the percentage of occupancy of F-actin in cells as previously described (Higaki et al., 2010; Li et al., 2012) . The bright pixel number was counted by macro hig_255counts (http://hasezawa.ib.k.u-tokyo.ac.jp/zp/Kbi/HigStomata) and then divided by cell region pixel number to yield the density of actin filaments.
Measurement of Mitochondrial Velocity
To measure the velocity of mitochondrial movement in the wild type and mutant, images of root cells of 7-d-old seedlings expressing mitochondrialtargeted yellow fluorescent protein (YFP) were obtained with a Yokogawa spinning-disk confocal microscope. An Olympus objective (363, 1.4-numerical aperture) was used, and YFP was excited at 488 nm. Images were acquired using Andor iQ software (Andor Technology) and processed using ImageJ and Photoshop software (Adobe Systems).
Immunofluorescence Labeling Assay
Five-day-old Arabidopsis (Columbia ecotype) seedlings harboring mycArp2 were incubated in 4% paraformaldehyde in PEM buffer (50 mM PIPES, 2 mM EGTA, and 2 mM MgCl 2 , pH 6.9) and fixed at room temperature for 1 h. After three washes with PEM buffer, seedlings were digested by enzyme solution (1% pectinase and 1.5% cellulose in PEM buffer) at 37°C for 40 min. After another wash with PEM buffer, seedlings were put on poly-L-Lys-coated slides, smashed, fixed at 220°C, and dried. The samples were dried in a vacuum for 3 min after 1% Triton X-100 in PEM was placed on the cover slip. After a wash with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 $12H 2 O, and 2 mM KH 2 PO 4 ), the samples were incubated with the mouse anti-myc antiserum, the mouse anti-AHA2 antiserum, or the rabbit anti-VDAC1 (for VOLTAGE-DEPENDENT ANION CHANNEL1) antiserum overnight at a dilution of 1:400 in 50 mM Gly in PBS buffer. After a wash with PBS buffer, the samples were incubated with fluorescein isothiocyanate-conjugated goat anti-mouse IgG (Santa Cruz Biotechnology) or Alexa Fluor-488 goat anti-rabbit IgG antibody (Life Technologies) for 3 h at a dilution of 1:400 (Binarová et al., 1993 (Binarová et al., , 2000 . The mitochondria were then stained with 200 nM Mitotracker Red (Michalecka et al., 2004; Guo and Crawford, 2005) . Images were acquired using a Zeiss confocal microscope.
TMRM and Calcein Staining and Imaging
Protoplasts were incubated in WM buffer (308 mM mannitol, 125 mM CaCl 2 , 5 mM KCl, and 2 mM MES, pH 5.7) and stained with 1 mM calcein/ acetoxymethyl ester and 1 mM CoCl 2 . The stained protoplast solution was then gently flattened on poly-D-Lys-coated glass slides and 10 mM TMRM (0.2 to 0.5 mL) was added before the addition of a cover slip. Pictures of calcein-stained protoplasts were taken immediately with a fluorescence microscope (Zeiss). The calcein and TMRM signals were then recorded in fluorescent channels after 1 or 2 min. FCCP buffer (2 mM) was added by placing a drop on the edge of the cover glass to allow the solution to wick up by capillary action. Photographs were taken after 1 or 2 min.
mPTP and Mitochondria Membrane Potential Measurements
Opening of the mPTP was monitored using calcein/Co 2+ imaging (Petronilli et al., 1999) . Arabidopsis mesophyll protoplasts were prepared as described (Sheen, 2001 For measurements of membrane potential, 200 nM TMRM (Molecular Probes) was added to protoplasts after the indicated period of W5 treatment. The protoplasts were then incubated for 1 to 2 min at 25°C and observed with a confocal microscope with optical filters (543-nm excitation and 585-nm emission) to visualize the red fluorescent probe. Quantitative images were captured and data were analyzed using Leica software.
pH Measurement
A mitochondrial-localized, GFP-based, pH-sensitive biosensor (Orij et al., 2009) was placed under the control of the 35S promoter. The Pro35S: mito-pH-GFP plasmid was purified by CsCl gradient centrifugation and then was transformed into protoplasts (Sheen, 2001) . Protoplasts were incubated in W5 buffer (154 mM NaCl, 125 mM CaCl 2 , 5 mM KCl, and 2 mM MES, pH 5.7) or WM buffer (308 mM mannitol, 125 mM CaCl 2 , 5 mM KCl, and 2 mM MES, pH 5.7) overnight at 23°C. The protoplasts were stained with 200 nM Mitotracker (Invitrogen) for 15 min before visualization using a confocal microscope. Lasers (405 and 488 nm) were used to excite the protoplasts, and the fluorescence was collected at 505 to 545 nm. The intensity level was analyzed with ImageJ software (http://rsb. info.nih.gov/ij/).
Histochemical Staining and Detection of Cytochrome c Release
To visualize cell death, 5-d-old seedlings were treated with 150 mM NaCl for 24 h and then stained with lactophenol trypan blue as described (Van Actin-Related Protein2 Regulates Calcium SignalingWees, 2008) . To detect cytochrome c release, 7-d-old seedlings of the wild type and arp2-2 were treated with 200 mM NaCl for the indicated times, and control and salt-treated seedlings (0.5 g) were ground in homogenization buffer (0.4 M mannitol, 1 mM EGTA, 20 mM 2-mercaptoethanol, 50 mM Tricine, and 0.1% BSA, pH 7.8) for 1 min at 4°C. Extracts were filtered through Miracloth, and the filtrates were centrifuged at 15,000g for 5 min at 4°C. The supernatant was centrifuged at 16,000g for 15 min at 4°C. After centrifugation, the cytosolic fraction (supernatant) was collected and the mitochondrial fraction (pellet) was resuspended in homogenization buffer. Immunoblot analysis was performed as described (Kim et al., 2006) . Separated proteins were transferred to polyvinylidene difluoride membranes and probed with a monoclonal antibody against cytochrome c (1:100 dilution; Beyotime) and a monoclonal antibody (31HL) against the Arabidopsis VDAC1 (Calbiochem; 1:1000 dilution). Antibody binding was detected using horseradish peroxidase-conjugated secondary antibodies (1:400 dilution) and enhanced chemiluminescence (Amersham Pharmacia Biotech).
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